Abstract. the HiWi gene is one of the members of the PiWi gene family that is important for stem cell self-renewal and expressed highly in certain human tumors. Some studies have demonstrated that HiWi plays a key role in the development of tumors in cervical, colon and liver cancer. Previous studies have demonstrated that HiWi is associated with prognosis of patients with glioma. However, there is no report on the analysis of HiWi in the biological characteristics of glioma cells. the aim of the study was to investigate whether HiWi plays an important role in the progress of glioma. Silencing HiWi inhibited cell proliferation by promoting apoptosis and increased cell cycle arrest. the expression of proteins related to apoptosis and the cell cycle, including p21, cyclin D1, Bcl-2, and Bax was significantly altered. Moreover, knockdown of HiWi inhibited the migration and invasion of glioma cells by reducing the expression of MMP-2 and MMP-9. furthermore, we found that reduction of HiWi inhibited tumor growth in vivo. These findings suggest that HIWI is an oncogene involved in the progression of glioma.
Introduction
Glioblastoma multiforme (GBM) is the most common primary intracranial tumor in adults, with a combined incidence of 5-8 per 100,000 individuals. it is highly aggressive, with a poor prognosis (1, 2) . Although the treatment of GBM has advanced, the median survival of patients with GBM is generally only 9-12 months (3). At present, GBM treatments include surgery, radiotherapy, and chemotherapy. However, these treatments frequently fail: ⅰ) due to its highly invasive nature, operations cannot remove tumor tissue tho roughly; and ⅱ) tumors develop resistance to radiotherapy and chemotherapy. therefore, it is critical to develop more effective therapies based on novel molecular targets (4) and to identify novel therapeutic strategies to improve prognosis for patients with GBM.
cox et al (5) first discovered PIWI in a genetic screen for mutants that affected the asymmetrical division of stem cells in the Drosophila germline. early studies revealed that Drosophila PiWi is an important factor for gametogenesis, and a key regulator of female germline stem cells. the PiWi protein family is highly conserved in many species, including humans. to date, four PiWi proteins have been reported in humans: PiWil1/HiWi, PiWil2/Hili, PiWil3, and PIWIL4/HIWI2 (6) . HIWI (also named PIWIL1), a human homologue of the PiWi family, plays an important role in the self-renewal of stem cells (7) . Tumor, germ, and stem cells all share common characteristics, for example the ability for rapid and infinite self-renewal. Therefore, it is not surprising that HiWi has been implicated in oncogenesis. Several studies have demonstrated that HiWi is expressed in tumor tissues, and is one of the most important elements in the regulation of cancer cells (8, 9) . HIWI was also correlated with patient prognosis in pancreatic, colon, colorectal, lung, and endometrial cancer (10) (11) (12) (13) (14) .
Sun et al (15) reported that HIWI was overexpressed in glioma tissues and cell lines, and associated the prognosis of patients with glioma. However, it remains unclear whether HiWi plays an important role in the tumorigenesis and develop ment of GBM. Therefore, the aim of the present study was to investigate the effects of HiWi in aspects of GBM including proliferation, invasion, and migration, and to define the corresponding molecular mechanisms using RNA interference and flow cytometry analysis.
Materials and methods
Cell culture. the human glioblastoma cell lines a172 and U251 were purchased from the Peking Union Medical college cell library (Beijing, China in Dulbecco's modified eagle's medium (DMeM) supplemented with penicillin/streptomycin and 10% fetal bovine serum (FBS) in a humidified atmosphere containing 5% Co 2 at 37˚C.
Transfection. Small interfering rna against HiWi and a negative control (scrambled control) were purchased from genePharma (Shanghai, China). The following sirna sequences described previously (16) were used: HIWI, 5'-GCC guucauacaagacuaatt-3'; negative control, 5'-uuc uccgaacgugucacgutt-3'. transfection was performed using lipofectamine 2000 reagent (invitrogen life technologies, Carlsbad, CA, USA) according to the manufacturer's instructions. in brief, a172 or u251 cells were seeded into 6-or 96-well plates (Corning Costar, Cambridge, MA, USA). the following day (when the cells were ~40% confluent), the culture media were aspirated, and the cell monolayer was washed with pre-warmed sterile phosphate-buffered saline (PBS). Transfection complexes were prepared following the manufacturer's instructions.
Western blotting. u251 and a172 control and treated cells were washed twice in ice-cold PBS, and lysed in M-PeR Mammalian Protein extraction Reagent (cW Biotech, Beijing, China) containing protease and phosphatase inhibitor cocktails. lysates were centrifuged at 12,000 x g for 15 min at 4˚C. The supernatants were then added to an equal volume of sample buffer (50 mM Tris-HCl, 4% SDS, 0.01% bromophenol blue, 20% glycerol, and 2% 2-Mercaptoethanol, pH 6.8), heat-denatured, and placed on ice for 5 min. Protein concentrations were determined using the Bca Protein assay kit (CW Biotech). equal amounts of protein were loaded onto 12% tris-glycine SDS-Page gels, and separated at 80-120 v for 1.5-2 h. the proteins were transferred to nitrocellulose membrane, and blocked with 5% milk in TBST buffer. Membranes were then incubated with primary antibodies at 4˚C overnight. After washing three times in tBSt buffer for 5 min each, membranes were incubated with secondary antibodies conjugated to horseradish peroxidase (1:10,000) for 1 h at room temperature, and developed using an electrochemiluminescence (eCL) kit (thermo Fisher Scientific, Inc., Waltham, MA, USA). Anti-HiWi, anti-MMP-2, anti-MMP-9, anti-p21, anti-cyclin D1 (Beijing Biosea Biotechnology Co., Ltd., Beijing, China), anti-Bcl-2, and anti-Bax antibodies (Signalway antibody, college Park, MD, USA) were used to detect the respective proteins. an anti-β-actin antibody (Beijing Biosea Biotechnology co., Ltd.) was used as a control for equal sample loading.
MTT assay. u251 and a172 cells (5x10 3 ) were incubated in 96-well plates, with each well containing 100 µl of medium. The cells were divided into the following groups: ⅰ) control; ⅱ) scrambled siRNA (cells transfected with control siRNA); and ⅲ) HIWI siRNA group (cells transfected with HIWI siRNA). The transfection of siRNAs was performed the day after plating when cells were ~40% confluent. the rate of cellular proliferation was measured 48 h after treatment. to each well 15 µl of 5 mg/ml 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT) (Sigma, St. Louis, Mo, USA) was added. After 4 h, 150 µl of DMSo were added to the MTT-treated wells, and the absorption at 490 nm was determined using a spectrometer. each experimental condition was performed in triplicate.
Colony formation. cells in each group described above were trypsinized, counted, and seeded for colony formation assays in 12-well plates at 100 cells/well. During colony growth, the culture media were replaced every 3 days. a colony was counted only if it contained >50 cells, and the number of colonies was counted 14 days after seeding. the colony formation rate was calculated using the equation: colony formation rate = (number of colonies/number of seeded cells) x 100%. each treatment was performed in triplicate.
Flow cytometric analysis of apoptosis. u251 and a172 cells at 40% confluence were transfected with negative control or HiWi sirna. at 48 h post-transfection, cells were harvested by trypsinization. cells (1x10 5 ) were washed with PBS, and resuspended in 250 µl of binding buffer containing 5 µl Annexin v-FITC and 5 µl propidium iodide (PI) (BD Pharmingen, San Diego, CA, USA). after incubation for 20 min at room temperature in the dark, another 400 µl of binding buffer was added, and the samples were analyzed immediately using facScalibur. flow cytometry data were analyzed using flowjo (BD Pharmingen).
Flow cytometric analysis of the cell cycle. control u251 and a172 cells, and those treated with HiWi or control siRNA (50 nM) for 48 h were harvested, washed twice with cold PBS, and fixed with 5 ml of ice-cold 70% ethanol overnight. the cells were then incubated with 1 mg/ml rnase a, 1% triton X-100 (both from Sigma), and 50 µg/ml PI at 4˚C overnight, and the DNA content was determined using flow cytometry (BD Pharmingen). The data were then analyzed using MLT software (Becton-Dickinson, San Jose, CA, USA).
Transwell invasion and migration assays. cell invasion and migration assays were performed using a transwell system that incorporated a polycarbonate filter membrane with a diameter of 6.5 mm and pore size of 8 µm (corning costar), according to the manufacturer's protocol. To assess invasion, filters were pre-coated with 50 µl of mixed Matrigel (Matrigel:DMeM = 1:5; BD Biosciences, franklin Lakes, NJ, USA). cell suspensions (1x10 5 ) in serum-free culture media were added into the inserts, and each insert was placed in the well of a plate filled with culture media containing 10 % fBS as a chemoattractant. after 24 h incubation at 37˚C, the non-invasive cells were removed from the upper chamber by wiping with cotton-tipped swabs. filters were fixed using methanol and glacial acetic acid (1:3) for 30 min, and then stained with 3% crystal violet solution for 30 min at room temperature. five fields of adherent cells in each well were photographed randomly under a nikon-te2000-u inverted fluorescence microscope, and counted using imagej software. the same experimental design was used for migration experiments, except that filters were not precoated with Matrigel, and cells were counted after 8 h incubation. All experiments were performed in triplicate.
Nude mouse tumor xenograft model. the animal experimental protocols (total mice number, 28) were approved by the Animal Care and Use Committee of Tianjin Medical university. female, SPf grade BalB/c-a nude mice aged four weeks, were purchased from the laboratory animal Center of the PLA Military Academy of Medical Sciences. the u251 glioma subcutaneous model was established as described previously (17) . The mice were randomly divided into three groups with six mice in each treatment group: HiWi sirna group, scramble group and control group. a mixture of 20 µl lipofectamine 2000 and HiWi sirna, nonsense siRNA (20 nmol/l x 20 µl) or PBS mixture was injected into the xenograft model in a multisite injection manner. treatment was conducted every 2 days, and the tumor volume was measured with a caliper every 2 days, using a formula (volume = long diameter x short diameter 2 /2) (18). After being observed for 28 days, the mice bearing xenograft tumors were sacrificed and the tumor tissues were removed for formalin fixation and the preparation of paraffin embedded sections for immunohistochemical analysis. the mice were maintained at an animal facility under pathogen-free conditions. the handling of mice and experimental procedures were conducted in accordance with experimental animal guidelines.
Immunohistochemistry assay. the immunohistoche mical staining was detected using streptavidin-biotin-horseradish peroxidase complex (SABC) compound (SABC kits; Wuhan .05 and ** p<0.01 in comparison with control group and scrambled sirna group. the control group was untransfected, the scrambled sirna group was transfected with control sirna, and the HiWi sirna group was transfected with HiWi sirna.
Boster Biological Technology, Ltd., Hubei, China) according to the manufacturer's protocol. Briefly, after incubation with endogenous peroxidase by 3% H 2 o 2 , the slides were blocked with normal goat serum for 30 min in a humidified chamber at room temperature and then incubated at 4˚C overnight with appropriate primary antibody (dilution 1:100). Next, these slides were treated with biotinylated secondary antibody for 60 min, and finally incubated with SABC-AP conjugate for 30 min. immunologic reaction was developed using 3,3'-diaminobenzidine (DaB substate kit; Beijing Zhongshan golden Bridge Biotechnology co., ltd., Beijing, china). Positive cells were mounted by image-Pro Plus5.0 software. negative controls were performed by substituting the primary antibody with tris-buffered saline.
Statistical analysis. results were analyzed using SPSS software 17.0, and compared using one-way analysis of variance (ANovA). Data are presented as mean ± standard deviation (SD) of three or six independent experiments, as appropriate. P<0.05 was considered to be statistically significant.
Results

Endogenous expression and knockdown of HIWI in glioma cells.
HIWI expression was assessed in five glioma cell lines (LN229, SNB19, A172, U251, and U87) by western blotting. HIWI was expressed to a variable extent in the different cell lines (Fig. 1A) . HiWi or scrambled sirna was then transiently transfected into u251 and a172 cells. after 48 h, the HiWi protein levels were quantified with western blotting. Although the β-actin internal control revealed equal loading between the three groups, the expression of HiWi in u251 or a172 cells treated with HiWi sirna was reduced by ~80 or 65%, respectively, compared with both untreated and negative sirna-transfected cells.
Silencing HIWI inhibited cell viability in vitro. to determine whether HiWi functions as an oncogene, we examined the effects of HiWi knockdown on glioma cell proliferation. cells were transfected with HiWi sirna, and the number of viable cells was determined by MTT assay 48 h after transfection. as shown in fig. 2a , HiWI siRNA significantly decreased Total cellular proteins were treated as described above, and harvested after 72 h. Western blotting was then performed using antibodies against p21, cyclin D1, Bcl-2, and Bax; β-actin was used as a loading control. the percentage of viable cells in both u251 and a172 cell lines. These results confirmed that expression level of HIWI modulated cell growth, and that knockdown of HiWi exerted anti-proliferative effects.
to further assess the effects of HiWi on the growth of glioma cells, a colony formation assay was performed. as is shown in fig. 2B , the number of colonies formed from u251 and A172 cells transfected with HIWI siRNA was significantly lower than untreated cells or those transfected with control sirna. this suggests that knockdown of HiWi suppressed colony formation in u251 and a172 cells. these results were consistent with data obtained from the MTT assay, and further suggested that HiWi might be an oncogene.
Suppression of HIWI induced cell cycle arrest in G0/G1 phase, and altered the expression of cell cycle-related proteins in U251
and A172 cells. to further elucidate the growth suppressive effects of silencing HiWi in u251 and a172 cells, we performed cell cycle distribution analysis by flow cyto metry 48 h after transfection with HiWi sirna. as shown in fig. 3a and B, the number of cells in g1 phase increased, but the number of cells in S phase decreased sharply after transfection with HiWi sirna. to determine the molecular mechanism behind the inhibition of cell cycle after the downregulation of HiWi, we assessed the expression of important cell cycle regulatory proteins by western blotting. the expression of cyclin D1 decreased, whereas the expression of p21 increased in u251 and a172 cells that had been transfected with HIWI siRNA (Fig. 3D) .
Knockdown of HIWI expression increased apoptosis in glioma cells by inducing Bcl-2 and Bax expression.
We next determined whether the decrease in cell viability caused by HiWi knockdown was associated with increased apoptosis. the number of apoptotic untreated cells or those transfected with negative control or HiWi sirna was assessed using Annexin v-FITC and PI labeling followed by flow cytometry. as shown in fig. 3c , the number of late apoptotic cells was increased significantly 48 h after transfection with HiWi sirna. in addition, the expression of Bcl-2 decreased, and Bax increased (Fig. 3D) . 
Downregulation of HIWI expression inhibited the migration and invasion of glioma cells in vitro.
transwell assays were performed to determine whether HiWi expression affected the migration and invasion of malignant glioma cells. Because the cells in tumor tissues exist in a three-dimensional environment, migration and invasion behavior is more complicated than in cell culture plates. therefore, we used transwell chambers to mimic the three-dimensional environment of tumor cells to assess the migration and invasion behavior of cells. as is shown in fig. 4a , downregulation of HiWi reduced the number of migratory cells significantly compared with the scrambled siRNA and untreated control groups (Fig. 4B) . Consistent with this, decreased invasion of u251 and a172 cells was also measured in the Matrigel Transwell assay after HIWI knockdown (Fig. 4C) . Taken together, these results suggest that HiWi plays a vital role in the migration and invasion of glioma cells. to further explore the molecular mechanism by which HiWi promotes cellular migration and invasion, we measured the levels of matrix metalloproteinases (MMPs), which regulate these processes. Western blotting showed that the levels of MMP-2 and MMP-9 were reduced in U251 and A172 cells after HIWI knockdown (Fig. 4D) .
Reduction of HIWI inhibits glioma growth in vivo.
to explore the effect of HiWi activity on tumor growth in vivo, we employed a xenograft mouse model using u251 glioma cells treated with HiWi sirna. on day 15, the tumor size of the HIWI siRNA group started to reach statistical significance compared with control groups (p<0.05). At the termination of the study, there was a marked reduction in tumor mass between the HiWi sirna group and the control groups ( Fig. 5A-C) . after observation for 28 days, tumor samples were dissected from mice, and paraffin-embedded sections were prepared for immunohistochemical assay. Similar to the results obtained from the in vitro study, the expression of HiWi in tumor specimens of the HiWi sirna group was highly downregulated (Fig. 5D ).
Discussion
HiWi, a human homolog of the PiWi family that is important for stem cell self-renewal, is expressed highly in a variety of human cancers. Some studies have demonstrated that HiWi plays a key role in the development of tumors in cervical (19) , colon (20) , and liver cancer (21) . Sun et al (15) also found that HIWI was expressed specifically in glioma tissues and cell lines, but its role and molecular mechanisms related to the development of glioma remain unclear. In this study, we first confirmed the expression of HiWi in glioma cell lines. to explore whether HIWI plays a significant role in the tumorigenesis and develop- ment of glioma, we next knocked down its expression in u251 and a172 glioma cells using rnai. inhibiting HiWi expression significantly decreased cell proliferation, increased apoptosis, and induced cell cycle arrest at g0/g1. We determined that decreased HiWi expression was accompanied by decreased migration and invasion of u251 and a172 cells, as measured by transwell assays. finally, we found that reduction of HiWi inhibited glioma growth in vivo.
a main feature of cancer is uncontrolled cell growth and proliferation. Previous studies revealed that cell proliferation is inhibited following the silencing of HiWi in human gastric cancer and lung cancer tumor stem cells (13, 22) . This was due to inducing cell cycle arrest at G2/M phase and inducing apoptosis, respectively, after the suppression of HiWi expression. However, a different study found that cell proliferation was reduced dramatically and apoptosis was induced in Kg1 cells, a human leukemia cell line that lacks HiWi expression, when HIWI was expressed transiently (23) . our study revealed that cell proliferation was decreased significantly after knockdown of HIWI in glioma cells, which was confirmed by MTT and colony formation assays. the decline in cell proliferation was explained by both increased apoptosis and cell cycle arrest, which is partly consistent with previous studies. We speculated that HiWi could exert varying effects in a cell-and tissue-specific manner. therefore, further studies will be needed to clarify these mechanisms.
inhibiting cell cycle progression in cancer cells is considered to be one of the most effective strategies for regulating tumor growth. The shift from a dormant quiescent stage (G0) to an actively growing state is a prerequisite for entry into the cell cycle in most cells, and a crucial step for cancer cells (24) . The cyclins and cyclin-dependent kinase (CDK) inhibitors strictly regulate cell cycle progression. The first of these proteins to be identified and cloned was p21. p21 is a universal cell cycle inhibitor that binds to cyclin-cDK complexes and proliferating cell nuclear antigen, thereby inducing cell arrest at g1 and blocking cell entry into S phase (25) . Therefore, we assessed the relationships between g1 arrest and cell cycle related regulatory proteins, including p21 and cyclin D1, after HiWi knockdown. Data revealed that HiWi-mediated g1 arrest in glioma cancer cells was linked with p21. the upregulation of p21 enhances the formation of complexes with the g1/S cDKs and cyclins, inhibiting their activities and promoting apoptosis. future studies should examine the underlying mechanisms by which HiWi upregulates p21 expression and modulates the downstream pathways.
oncogenesis is also associated with abnormal apoptosis. as such, tumorigenesis can be defined by the imbalance between cell proliferation and apoptosis. Many studies have suggested that cell cycle arrest and apoptosis may be linked (26, 27) . In addition, it was reported that the overexpression of p21 resulted in increased Bax expression and the induction of apoptosis. liang et al demonstrated that silencing HiWi induced apoptosis in lung cancer stem cells (13) . In this study, data showed that silencing HiWi also stimulated u251 and a172 apoptosis, increased Bax expression, and decreased Bcl-2 expression.
in addition to the function of HiWi as a potent growth regulator, another study revealed that low levels of expression of HIWI led to a significant decrease in the migration and invasion of hepatocellular carcinoma cells (16) . The invasion of glioma cells into brain tissue is a pathologic hallmark of World Health organization (WHo) grade Ⅱ-Ⅳ gliomas, which contributes significantly to the failure of current treatments (28) . Glioma cell invasion involves the attachment of tumor cells to the extracellular matrix (eCM), the degradation of eCM components, and the subsequent penetration into adjacent brain structures (29) . MMPs are a family of extracellular zinc-dependent endopeptidases that selectively cleave the protein components of the eCM (30) . Previous reports suggested that the expression of gelatinase-A (MMP-2) and gelatinase-B (MMP-9) play an important role in the invasion or metastasis of neoplastic tissue, since these are critical factors in basement membrane degradation (31) . Numerous studies have demonstrated that malignant glioma cells secrete MMPs to facilitate their migration and invasion (32, 33) . Therefore, MMPs may be involved in glioma cell invasion. A better understanding of the mechanisms of glioma invasion will facilitate the development of therapeutic strategies to decrease glioma invasion. our data suggest that the silencing of HiWi inhibited glioma cell invasion and migration by suppressing MMP-2 and MMP-9 production. The activation of some signaling pathways can promote the expression of MMP-2 and MMP-9; however, it is unclear whether HIWI plays a role in these signaling pathways. the potential relationship between HIWI and MMPs will be assessed in future studies.
In summary, these findings suggest that HIWI plays an important role in the development of human glioma. Silencing HiWi expression could inhibit glioma cell proliferation, attenuate migration and invasion, promote apoptosis, and cause cell cycle arrest. this suggests that targeting HiWi could be a promising treatment modality for glioma in the future.
